We tested the hypothesis that accumulation of H + or inorganic phosphate (Pi) is responsible for the early contractile failure of hypoxia by measuring maximal Ca 2+ -activated pressure and 3I P nuclear magnetic resonance spectra in Langendorff-perfused ferret hearts at 30°C. Maximal Ca 2+ -activated pressure was identified by the saturation of pressure with respect to [Ca 2+ ] 0 observed during tetani as [Ca 2 *],, was increased to 15 mM in HEPES-buffered, 100% O 2 -bubbled perfusate and during hypoxia induced by bubbling with room air or with 100% N 2 . Tetani were produced by pacing at 8-12 Hz following exposure to ryanodine (1-5 /iM), an inhibitor of Ca 2+ release from the sarcoplasmic reticulum, and were elicited once a minute to measure maximal Ca 2+ -activated pressure during acquisition of nuclear magnetic resonance spectra. An inverse correlation was observed between [Pi] and maximal Ca 2+ -activated pressure (r = -0.87 mean, n = 12), with an average decline of 8.6% in pressure per 1 /^mol/g wet wt. increase in [Pi]. Intracellular pH (pH ( ) showed no significant correlation with maximal Ca 2+ -activated pressure (r = 0.49 mean, n =12). Two other protocols, 1) pacing at variable rates and 2) gated measurements at two different times during the tetanus, were also used to correlate [Pi], pH,, and maximal Ca 3+ -activated pressure. These protocols confirmed the highly significant correlation between [Pi] and maximal Ca 2+ -activated pressure, as well as the lack of correlation with pH,. Acidosis induced by NH4CI (20 mM) or by bubbling with 95% O 2 /5% CO 2 was associated with < 20% depression of maximal Ca 2+ -activated pressure in the pH, range down to 6.8, but much greater depression at lower pH,. The data are consistent with depression of maximal Ca 2+activated force during the early phase of hypoxia by Pi but not by H + . (Circulation Research 1986; 59:270-282) H YPOXIA or ischemia quickly produce a decrease in the tension developed by the heart. Within minutes of the onset of hypoxia or ischemia, twitch tension falls to less than half its control value. Although this "early contractile failure" has important clinical implications, the underlying mechanisms are still not established (for reviews see Gibbs 12 and Nayler et al 3 ). It does appear that force depression by ischemia can be complex and multifactorial in origin 4 -5 ; for this reason, the present study concentrates on the simpler intervention of hypoxia.
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We tested the hypothesis that accumulation of H + or inorganic phosphate (Pi) is responsible for the early contractile failure of hypoxia by measuring maximal Ca 2+ -activated pressure and 3I P nuclear magnetic resonance spectra in Langendorff-perfused ferret hearts at 30°C. Maximal Ca 2+ -activated pressure was identified by the saturation of pressure with respect to [Ca 2+ ] 0 observed during tetani as [Ca 2 *],, was increased to 15 mM in HEPES-buffered, 100% O 2 -bubbled perfusate and during hypoxia induced by bubbling with room air or with 100% N 2 . Tetani were produced by pacing at 8-12 Hz following exposure to ryanodine (1-5 /iM), an inhibitor of Ca 2+ release from the sarcoplasmic reticulum, and were elicited once a minute to measure maximal Ca 2+ -activated pressure during acquisition of nuclear magnetic resonance spectra. An inverse correlation was observed between [Pi] and maximal Ca 2+ -activated pressure (r = -0.87 mean, n = 12), with an average decline of 8.6% in pressure per 1 /^mol/g wet wt. increase in [Pi] . Intracellular pH (pH ( ) showed no significant correlation with maximal Ca 2+ -activated pressure (r = 0.49 mean, n =12). Two other protocols, 1) pacing at variable rates and 2) gated measurements at two different times during the tetanus, were also used to correlate [Pi], pH,, and maximal Ca 3+ -activated pressure. These protocols confirmed the highly significant correlation between [Pi] and maximal Ca 2+ -activated pressure, as well as the lack of correlation with pH,. Acidosis induced by NH4CI (20 mM) or by bubbling with 95% O 2 /5% CO 2 was associated with < 20% depression of maximal Ca 2+ -activated pressure in the pH, range down to 6.8, but much greater depression at lower pH,. The data are consistent with depression of maximal Ca 2+activated force during the early phase of hypoxia by Pi but not by H + . (Circulation Research 1986; 59:270-282) H YPOXIA or ischemia quickly produce a decrease in the tension developed by the heart. Within minutes of the onset of hypoxia or ischemia, twitch tension falls to less than half its control value. Although this "early contractile failure" has important clinical implications, the underlying mechanisms are still not established (for reviews see Gibbs 12 and Nayler et al 3 ) . It does appear that force depression by ischemia can be complex and multifactorial in origin 4 -5 ; for this reason, the present study concentrates on the simpler intervention of hypoxia.
Two types of mechanisms have been proposed to account for the early contractile failure of hypoxia: 1) a decrease in the availability of activator Ca 2+ during each contraction (i.e., the Ca 2+ transient 36 ), or 2) a decrease in the responsiveness of the contractile proteins to calcium. Measurements of action potentials 7 and the slow inward Ca current 8 during hypoxia show little change over the period in which early contractile failure develops, suggesting that Ca 2+ entry remains unimpeded. Direct measurements of intracellular free Ca 2+ concentration ([Ca 2+ ],) using aequorin 9 show no change in Ca 2+ transients during the early phase of hypoxia. Therefore, experimental evidence does not implicate a decline in the Ca 2+ transient as the mechanism of early contractile failure but, instead, points to a decrease in the responsiveness of the contractile proteins to Ca 2+ . Such a decrease might be caused by changes in the levels of intramyocardial metabolites during hypoxia -for example, decline of adenosine triphosphate (ATP), 10 accumulation of H + ," or increase of inorganic phosphate (Pi). 12 The concentration of phosphocreatine (PCr), ATP, Pi, and H + during ischemia or hypoxia have been measured analytically (e.g., Kammermeier et al 13 or Doorey and Barry 14 ) and by 3I P nuclear magnetic resonance (NMR)."~1 9 A decline in [PCr], an accumulation of Pi, and acidosis are the major changes during early hypoxia.
[ATP] decreases little during the period in which developed tension declines by more than 50%. A small decline in [ATP] has little effect on the relation between [Ca 2+ ], and developed tension in skinned cardiac muscle preparations (the Ca 2+ -tension relation), and any effect would most likely be in the direction of sensitizing the contractile machinery to Ca 2 " 1 ". 20 " 22 Similarly, results from skinned rat ventricular muscle indicate that a decline in phosphocreatine would also tend to increase the sensitivity of the contractile proteins to Ca 2+ P Therefore, the decline of neither [ATP] nor [PCr] appears capable of explaining early contractile failure.
Inorganic phosphate and pH are more promising candidates. Changes in the Ca 2+ -responsiveness of the contractile proteins due to pH 2425 or [Pi] 23 are quite dramatic, and the changes are in the proper direction to explain early contractile failure. In skinned muscle, both hydrogen ions and Pi decrease maximal Ca 2+activated force, as well as shift the normalized Ca 2+ -tension relation in the rightward direction (i.e., less tension for any given [Ca 2+ ]). Previous attempts to correlate pH,, [Pi], [Ca 2+ ],, and twitch force in intact muscle 91926 have yielded results consistent with a causative role for either H + or Pi accumulation (or both) in the early contractile failure of hypoxia. Nevertheless, these studies were severely restricted in that neither steady state nor maximal contractile activation were achieved, obviating a direct comparison with the data from skinned muscle.
Recently, a method has been described for measuring maximal Ca 2+ -activated tension in intact heart. 27 Unlike twitches, which lie somewhere on or below the rising phase of the sigmoidal [Ca 2+ ]-tension relation, 28 maximal Ca 2+ -activated tension constitutes a well-defined endpoint allowing unambiguous comparison between skinned and intact cardiac tissue. The exact level of [Ca 2+ ], during maximal Ca 2+ -activated force is unimportant as long as the contractile machinery is saturated. Maximal tension therefore constitutes a much better indication of the [Ca 2+ ],-tension relation than the tension developed during twitches, which is determined not only by [Ca 2+ ], but also by maximal Ca 2+ -activated force and myofilament sensitivity (see Winegrad 29 for review). In the present study, we have monitored pH, and [Pi] using 31 P NMR while simultaneously measuring maximal Ca 2+ -activated pressure in whole hearts. The changes observed during hypoxia are evaluated to determine whether pH ; and/or [Pi] appears capable of explaining early contractile failure.
A preliminary communication has appeared. 30
Materials and Methods
The experimental preparation is described in the previous paper. 27 Briefly, ferret hearts were excised, perfused, and paced as previously described. A latex balloon attached to the end of PE 190 tubing was passed into the left ventricle and inflated sufficiently to result in an end-diastolic pressure of 5-15 mm Hg and was connected to a Statham P23Db transducer. Isovolumic left ventricular pressure was recorded during the experiment with a Brush direct-writing recorder. The balloon, tubing, and transducer were all filled with an aqueous solution of 10 mM magnesium trimetaphosphate as the standard for 31 P NMR measurements.
The perfusate was a phosphate-free HEPES-buffered Tyrode solution containing (in mM); NaCl 108, KC1 5, MgCL j 1, HEPES 5, CaCl 2 2, glucose 10, and sodium acetate 20. [Ca 2+ ] o was increased by adding 1 M CaCl 2 as necessary. The pH of the solution was adjusted to 7.4 at 30° C by addition of HC1 or NaOH as required and was bubbled continuously with 100% O 2 (except as noted).
Tetanization Procedure
Hearts were first perfused with standard 2 mM [Ca 2+ ] 0 solution without ryanodine, then ryanodine was added and tetani were induced as described in the preceding paper. 27 [Ca 2+ ] 0 was increased to 10 mM, then to 15 mM. Tetani were recorded at each [Ca 2+ ] 0 ; no significant difference was found between the developed pressures at 10 and 15 mM [Ca 2+ ] 0 (see Figure 5 of Marban et al in this issue). This indicated that developed pressure was saturated with respect to [Ca 2+ ] 0 and that maximal Ca 2+ -activated pressure was achieved. 27 Developed pressure was normalized by that of corresponding tetani elicited during perfusion with normoxic 15 mM [Ca 2+ ] 0 solution and expressed as a percent of control.
Phosphorus Nuclear Magnetic Resonance Measurements
The preparation was lowered into a 25-mm-diameter NMR tube and placed into the bore of a superconducting magnet. Coronary effluent was evacuated from the tube by a peristaltic pump. The phosphorus-31 NMR methods are described elsewhere. 13 -31 Briefly, 3I P NMR spectra were obtained on a Bruker WH-180 spectrometer with a wide-bore 4.2 Tesla superconducting magnet, the 3I P resonance frequency of which equals 72.89 MHz. This instrument was operated in the pulsed Fourier transform mode and was interfaced to a Nicolet 1280 computer. Proton decoupling was not used. The free induction decays (FID) from the heart were accumulated with a 4K table at a spectral width of 3000 Hz using 45-degree pulses delivered at 2-second intervals. The accumulated FID was convoluted with an exponential in order to smooth the spectrum, equivalent to a lOHzlinebroading. Atypical spectrum(512 pulses) is shown in Figure 1 ; the 3l P-containing species corresponding to the numbered peaks in the NMR spectrum are identified in the figure legend.
In order to obtain two spectra during a tetanus (S1-S2 protocol discussed below), the first pulse was applied at peak pressure and the second pulse was applied 4.7 seconds afterward, using 83-degree pulses.
Quantitation of Metabolites
The amounts of inorganic phosphate (Pi), phosphocreatine (PCr), and ATP in the myocardium were obtained by planimeteric measurement of the areas under individual peaks using a Hewlett-Packard 9810 A digitizer. The tissue contents of Pi, PCr, and ATP were normalized by the peak for the magnesium trimetaphosphate standard in the left ventricular balloon. The calculated amounts of Pi, PCr, and ATP were divided by the measured weight of each heart to yield concentrations ( moles per gram of wet weight. These values can be converted to millimoles per liter myoplasm (mM) by multiplying by 1.74, a factor assuming that cell water is 64% of wet weight and that 90% of cell water is myoplasmic. 5 The saturation in spectra was corrected 32 using the following T, relaxation times measured in rabbit and guinea pig hearts by progressive saturation and saturation recovery methods: 1.9 seconds for Pi, 2.3 seconds forPCr, 0.81 seconds for /3-ATP, and4.2 seconds for magnesium trimetaphosphate. Intramyocardial pH was estimated from the chemical shift of the Pi peak measured relative to the resonance of PCr. 31 
Experimental Design
Experiments were attempted in a total of 25 hearts, of which 19 yielded technically acceptable data (as judged by the quality of NMR spectra). Of these 19 hearts, 15 were devoted to the investigation of hypoxia and/or tetanic fatigue, whereas 4 were dedicated to acidosis.
The design of the hypoxia experiments will be discussed first. NMR spectra of 128 pulses (4.27 minutes) were obtained before and after exposure to ryanodine.
After the ability to elicit fused tetani was confirmed, [Ca 2+ ] 0 was increased from 2 mM to 10 mM, and finally to 15 mM. At both 10 mM and 15 mM [Ca 2+ ] 0 , tetani were elicited and saturation of the developed pressure with respect to [Ca 2+ ] 0 was confirmed. NMR spectra were obtained at each [Ca 2+ ] 0 . The effects of ryanodine and [Ca 2+ ] 0 on intramyocardial [Pi], [PCr], [ATP], and pH, were checked in 12 hearts by comparing these spectra.
Following the acquisition of NMR spectra in O 2saturated solution, hearts (n = 12) were perfused with solutions of decreased oxygen tension. Oxygen was replaced by N 2 , first by bubbling with 79% Nj/21% O 2 and finally with 100% N 2 . During hypoxia, maximal Ca 2+ -activated pressure (i.e., the tetanic pressure in 15 mM [Ca 2 *]^ was sampled every minute using tetani of short duration (2-4 seconds), as illustrated in Figure 2 . NMR spectra (64 pulses) were obtained sequentially until the developed pressure during tetani decreased to 33% of the control developed pressure.
In four experiments, we ascertained that Ca 2+ -activated pressure remained saturated with respect to [Ca 2+ ] 0 during hypoxia. We accomplished this by increasing [Ca 2+ ] 0 from 15 mM to 20 mM after achieving a steady-state depression of force (mean = 54% of control) by bubbling with 79% Nj/21% O 2 . This increase in [Ca 2+ ] 0 did not produce any further increase in tetanic pressure, indicating that maximal Ca 2+ -activation still occurs in 15 mM [Ca 2+ ] o during hypoxia.
Two other methods were used to confirm the relation between maximal Ca 2+ -activated pressure and the intramyocardial [Pi] and pH observed during hypoxia. In the first of these methods, 5 hearts were paced at several frequencies higher than the spontaneous heart rate in order to increase myocardial oxygen demand (cf. Neely 33 and Ackerman et al. 34 ). Pacing was started at a rate of 0.5-0.75 Hz and increased to 1.5-1.75 Hz by increments of 0.25 Hz. Tetani of brief duration (2^4 seconds) were stimulated once a minute to sample maximal Ca 2+ -activated pressure during pacing, and 128-pulse NMR spectra were collected at each pacing rate.
In the second method, NMR spectra were obtained at two points during the tetanus. In this experimental protocol, the duration of the tetani was 6-7 seconds. The first pulse (SI) was applied at peak pressure, i.e., after 1 second of stimulation, and the second pulse (S2) was applied 4.7 seconds afterwards (see Figure  6 ). Tetani were repeated every 45-90 seconds, and . Estimation of maximal Ca 2 + -activated pressure during hypoxia. The gas bubbling the perfusate was changed from 100% O2 to 79% N 2 I21% O2 and finally to 100% N 2 as indicated in the bar above the pressure record. Tetani were elicited once a minute, and NMR spectra were collected sequentially using 64-pulse acquisition (2.13 minutes). The developed pressure was normalized by the pressure of the tetanus in the control period, i.e., the first tetanus in this figure.
data for 32 tetani were accumulated for each spectrum. Acidosis, and not hypoxia, was the primary intervention in 4 hearts. These experiments were undertaken to check the dependence of maximal pressure on pH, independent of the other metabolites that change during hypoxia (particularly [Pi]). Intracellular acidosis was produced using either of two methods: 1) perfusion with solution bubbled with 95% Oj/5% CO 2 or 2) by transient perfusion with solution containing NH 4 C1 (20 mM; see Deitmer & Ellis). 35 NMR spectra of 60-120 pulses were acquired consecutively, while tetani (of 2-4 seconds duration) were applied once a minute to elicit maximal Ca 2+ -activated pressure.
Statistical Analysis
Data are presented as mean ± SEM. Statistical analysis was performed using paired / test or repeated measures one-way analysis of variance where appropriate. 3 *
Results

Effects of Ryanodine and [Ca 2+ ] 0 on Myocardial Metabolites
We first checked whether exposure to ryanodine during spontaneous twitching affected the myocardial metabolites. Table 1 shows hemodynamic and NMR data obtained before and after exposure to ryanodine. Ryanodine had several significant effects on hemodynamics: heart rate decreased, end-diastolic pressure (EDP) increased, and developed pressure (DP) fell markedly. The decrease in heart rate is consistent with the marked prolongation of the action potential that has been observed in ferret myocardium. 37 The negative chronotropic effect, and the action potential prolongation, may both arise from the proposed inhibition of K currents by ryanodine. 38 The negative inotropic effect and the increase in EDP are comparable to the effects of ryanodine in isolated papillary muscles, where the drug decreases twitch force and slows relaxation. 28 Figure 1 ).
After exposure to ryanodine, raising the concentration of calcium in the perfusate produced two striking hemodynamic effects: a negative chronotropic effect and a positive inotropic effect ( 
Effects of Tetani on Myocardial Metabolites
As discussed in the previous paper 27 the saturation of force observed as [Ca 2+ ] 0 increases could be influenced by unmeasured covariables, most notably pH or high-energy phosphates. Substantial changes in metabolites may occur during tetani, because of the sudden increase in energy demand. To evaluate this possibility, we compared NMR spectra obtained during spontaneous twitching to those obtained at peak tetanic pressure. Figure 3 shows the changes in [Pi], [PCr], [ATP], and pH, associated with the development of peak tetanic force in 15 mM [Ca 2+ ] 0 . Control spectra were obtained during spontaneous twitches without tetani (average DP = 100.7 ± 9.6 mm Hg). SI spectra were obtained at the peak of developed pressure, i.e., 1 second after the onset of tetanic stimulation (peak DP = 228.9 ± 15.8 mm Hg). Changes in pH and phosphate compounds were nonsignificant (p > 0.50 for [Pi],p > 0.40 for [PCr], andp > 0.10 for pH,) except for [ATP], which decreased from 3.19 to 2.72 /xmol/g wet wt. (p < 0.05). Although statistically significant, a change of this magnitude is expected to have no effect on the sensitivity of the contractile machinery to C a 2+ 20-22 Th ere fore, we conclude that metabolic changes during the early phase of the tetanus do not complicate the measured saturation of Ca 2+ -activated pressure.
In most of our protocols, NMR spectra were obtained primarily during twitches, with brief tetani stimulated only once a minute to measure maximal Ca 2+activated pressure. It is important to verify that this method of sampling maximal force does not alter the . Intramyocardial contents of Pi, PCr, and ATP and intracellular pH during no stimulation and at peak pressure during tetani (SI). The spectra in control were obtained during spontaneous twitches using 128 pulses. To obtain the spectrum at SI, pulses were applied at the peak of developed pressure during a tetanus, i.e., I second after the start of tetanic stimulation. sure does not influence the levels of intramyocardial metabolites. This result is consistent with previous measurements of myocardial oxygen consumption during twitches and tetani in cat papillary muscle. Oxygen consumption during a tetanus lasting 3 seconds was about 3 times that during a single twitch. 4142 With tetani of this duration superimposed once a minute on a spontaneous twitch rate of 35 beats/minute, an increase in oxygen consumption of only 3.6% is predicted over the value for twitches alone.
Changes in Maximal Ca 2 +-Activated Pressure and Intramyocardial Metabolites During Pacing
The spectrum in Panel C of Figure 4 was obtained in the same heart as for Panels A and B, but paced at 1.25 Hz between tetani. Maximal Ca 2+ -activated pressure decreased from 320 mm Hg in Panel B to 285 mm Hg in Panel C. When NMR spectra obtained in both conditions were compared, [Pi] increased markedly from 0.34 to 0.98 fimoVg wet wt., and [PCr] decreased form 7.70 to 6.49 /xmol/g wet wt. The changes in [Pi] and [PCr] were presumably caused by the increased energy demand associated with rapid heart rate and were observed consistently in all such experiments {n = 5). In contrast, small changes in [ATP] and pH, sometimes observed during pacing were not consistent from one experiment to the next. These findings suggest that an increase in [Pi] can be associated with a decrease in maximal Ca 2+ -activated pressure. The significance of this correlation is considered further in the following section.
Relation Between Maximal Ca 2+ -Activated Pressure and Metabolites During Hypoxia
The results in Figure 4B and C show that pacing produces a decline in maximal force accompanied by an increase in [Pi] . Hypoxia also produces a decline in maximal Ca 2+ -activated pressure, as illustrated in Figure 2 . Is the decline in maximal pressure during hypoxia accompanied by changes in [Pi] or pH,? In order to correlate changes in maximal Ca 2+ -activated pressure during hypoxia with the concentration of intramyocardial metabolites, we obtained NMR spectra and sampled tetani while perfusing with solutions of normal and decreased oxygen saturation. We then plotted the maximal pressure obtained during the collection of each spectrum against the [Pi] and pH, from that spectrum. Figure 5A shows the relation between maximal Ca 2+ -activated pressure and [Pi] during hypoxia (squares). As the degree of hypoxia increased, maximal Ca 2+ -activated pressure declined, and [Pi] increased. The points obtained during normoxic pacing at various frequencies in the same heart are also plotted in panel A (circles); the relation between [Pi] and maximal pressure during pacing at various frequencies appears identical to that obtained during hypoxia. Maximal Ca 2+ -activated pressure and [Pi] showed a strong correlation in both the hypoxia and pacing protocols, with a high level of significance (r = -0.945 over 14 data points, p < 0.001). As the first-order approximation of this relationship, the best-fit regression line calculated from these data was DP % = -9.8 x [Pi] + 87.5
where DP % is maximal Ca 2+ -activated pressure as % of control and [Pi] is in units of micromoles per gram of wet weight.
The mean slope of the regression lines from all 12 experiments relating [Pi] to maximal Ca 2+ -activated Figure 5 shows the relation between pH and maximal Ca 2+ -activated pressure during hypoxia (squares) and pacing (circles) from the same experiment as Panel A. In contrast to the data for [Pi], maximal Ca 2+ -activated pressure and pH : showed no significant correlation during pacing or hypoxia (r = 0.390 over 14 data points, p > 0.10).
The strong correlation between maximal Ca 2+ -activated pressure and [Pi], and the lack of correlation with pH, shown in Figure 5 were observed consistently. Table 2 shows the correlation coefficients between maximal Ca 2+ -activated pressure and the individual myocardial metabolites for each preparation. [Pi] shows the strongest correlation with maximal Ca 2+activated pressure (mean of the correlation coefficients, r = -0.870, n = 12).
[PCr] was also strongly correlated with maximal Ca 2+ -activated pressure (mean, r = 0.860). This correlation needs to be interpreted in light of results showing no significant effect of [PCr] on maximal Ca 2+ -activated force in skinned muscle, in contrast to the striking effects of increased [Pi]. 23 The strong correlation seen here between maximal Ca 2+ -activated pressure and [PCr] most likely results from the fact that the increase in [Pi] occurs due to breakdown of phosphocreatine; we are, in effect, seeing a correlation between pressure and the concentration of Pi donor. Although [ATP] and pH, correlated with maximal Ca 2+ -activated pressure in a few cases, this was not consistent, and the mean correlation coefficients are very low (r = 0.410 for [ATP], r = 0.491 for pH,).
Changes in Maximal Ca 2+ -Activated Pressure and lntramyocardial Metabolites During a Tetanus
Two protocols, examining the effects of pacing and hypoxia, have been presented as strategies for producing metabolite-related changes in maximal Ca 2+ -activated pressure. As a third approach for testing the correlation of [Pi], pH, and maximal pressure, we investigated the decline of force ("fatigue") that occurs during tetani, even at maximal activation (e.g., Figure  8 , Marban et al 27 in this issue). Figure 6 shows the changes in [Pi], [PCr], [ATP], and pH, that occur over several seconds during the tetanus, synchronous with the development of fatigue. The protocol is illustrated in the top panel. The first spectrum was obtained at peak force approximately 1 second after the start of the tetanus (SI spectrum), and a second spectrum (S2) was obtained 4.7 seconds afterwards. These two spectra were compared, and the metabolite concentrations were correlated with tetanic force. [Pi] increased from 1.14 to 2.07 /xmole/g wet wt. during the tetanus, while developed pressure declined by approximately 33%.
[PCr] decreased from 7.74 to 5.93 ^imole/g wet wt., and [ATP] changed from 3.16 to 3.69 /imole/g wet wt. Intracellular pH shifted from 7.05 to 7.17 during the tetanus. The increase in [Pi] and the decrease in [PCr] that accompanied the fatigue of the tetanus were consistent in all experiments (n = 12), but the changes in [ATP] and pH, were not consistent.
The relation between developed pressure and [Pi] obtained during a tetanus agrees well with the relation obtained during hypoxia, as shown by the triangles in Panel A of Figure 5 . The points obtained at SI and S2 are both located within the 95% confidence limits of the regression line obtained for hypoxia and pacing. In other experiments, 15 out of 16 points obtained at SI and S2 fell within the 95% confidence range of corresponding regression lines calculated from the data during hypoxia and pacing. Once more, the correlation of force with [Pi] is striking, in contrast to the lack of correlation with pH, (triangles, Panel B) . The results suggest that fatigue has the same mechanism as the decline in maximal Ca 2+ -activated pressure during hy-poxia and pacing and that all three result from increasing [Pi] .
Independent Role for pHJ
Although the depression of force during pacing, hypoxia, and fatigue correlates well with [Pi] but not pH,, a possible contribution of pH, might be clouded by other superimposed variables. To assess the contribution of acidosis independent of the other metabolic changes associated with hypoxia, we varied pH, selec- (2) during perfusion with solution bubbled with 95% 0^5% CO 2 tively and determined the effects on maximal Ca 2+activated pressure in 4 hearts. Figure 7 shows the relation between maximal Ca 2+ -activated pressure and pH, in a heart perfused transiently with 20 mM NH 4 C1 (triangles) or with solution at various stages of equilibration with 95% Oj/5% CO 2 (circles). In the pH, range associated with early contractile failure (pH : s 6.8; cf. Figure 6 ), maximal force is depressed by no more than 20%. This is true for acidosis induced by either NH 4 C1 or CO 2 . Nevertheless, in the pH, range below 6.7, maxima] force declines very steeply as acidosis becomes more severe. In these four experiments, there was a significant correlation between pH, and force (Table 3) , although the degree of depression of maximal force was consistently small (< 20%) down to pH, = 6.8. In contrast, minor incidental changes of [Pi] that occurred during acidosis bore no correlation to force (Table 3) . Similar results were obtained in separate trials with 20 mM (rather than 15 mM) [Ca 2+ ] 0 in the perfusate during acidosis, indicating that maximal pressure was at least approximated over much of the pH, range. Still, we cannot argue with conviction that maximal Ca 2+activated pressure can be determined reliably at very acid pH,. In skinned muscle, there is a profound rightward shift of the Ca 2+ -tension relation at pH ^ 6.6 so that maximal force is not achieved until [Ca 2+ ] exceeds 10 /iM, 242i above the range of [Ca 2+ ], usually reached during tetani. 28 Hence, the present results may exaggerate the depression of force by acid pH,; at most 20% of the decline in maximal pressure during early hypoxic failure is due to acidosis. This result strengthens our conclusion that [Pi], and not pH,, accounts for the depression of maximal Ca 2+ -activated pressure during the early stages of hypoxia. 
Discussion
The contractile failure of hypoxia is due to a decrease in the responsiveness of the contractile machinery to Ca 2+ . The possible mechanisms of such a decrease in responsiveness are best understood in terms of the [Ca 2+ ] r tension relation. Figure 8 4445 A fundamentally different mechanism is illustrated in Panel C. In this case, the [Ca 2+ ],-tension relation is shifted to the right (i.e., to higher [Ca 2+ ],), with no change in maximal Ca 2+ -activated force. This is known as a decrease in myofilament sensitivity. Twitch force is depressed (since twitches lie on the ascending portion of the curve), whereas tetanic force is not affected (C, inset). A decrease in the Ca 2+binding affinity of troponin C can produce such a rightward shift without impairing maximal force. Mild acidosis exemplifies an intervention which predominantly shifts the curve but does not impair maximal Ca 2+activated force in skinned cells. 24 In many cases a decrease in myofilament sensitivity and a depression of maximal force occur hand-in-hand; this type of effect is illustrated in Panel D. Tetanic force is decreased, reflecting the decrease in maximal Ca 2+ -activated force. Twitch force is attenuated even further, since it is also sensitive to the rightward shift of the [Ca 2+ ],-tension relation. Severe acidosis (pH < 6.6) can produce such a combined effect. 2423 pCa produce both effects, 23 -4 * although some investigators have found only a depression of maximal Ca 2+ -activated force. 43 In the present study, we have used maximal Ca 2+activated pressure as an indication of the Ca 2+ -tension relation in intact heart. Previous work in intact muscle has been limited to the intermediate levels of contractile activation accessible during twitches. Twitch tension is the result of three factors: the Ca 2+ transient, myofilament sensitivity, and maximal force. The measurement of maximal Ca 2+ -activated force allows an unambiguous comparison between intact and skinned muscles that has been lacking in previous studies based on measurements of twitch force and
Relative Roles ofH + and Inorganic Phosphate
By combining measurements of pressure during maximally activated tetani with phosphorus NMR, we have found a strong correlation between inorganic phosphate accumulation and the depression of maximal force during hypoxia. The results are consistent with the hypothesis that Pi accumulation is the major cause of early contractile failure. The quantitative agreement with the results in skinned tissue, where [Pi] can be varied selectively, suggests that [Pi], and not some unmeasured covariable, is the primary determinant of maximal force during hypoxia. Another observation that strengthens the evidence for [Pi] is the similarity among the results for hypoxia and those obtained during pacing and during tetanic fatigue. The relation between [Pi] and maximal force was virtually identical for all three protocols, as would be expected if [Pi] were the primary determinant of maximal force in all three cases.
As [Pi] increases, depression of maximal force may be accompanied by a decrease in myofilament sensitivity 2346 (cf. Herzig et al 45 ). This combination predicts that twitch force will be even more depressed than maximal force at any given level of [Pi] ( Figure 8D ). Indeed, we find that twitch force declines to 20% of control during hypoxia, while maximal pressure declines to only 40% of control over the same [Pi] range (Figure 2 , and other data not shown). Such a difference would be predicted from published Ca 2+ -tension relations as a function of [Pi], 23 assuming that the control twitch reaches 50% of maximal force and that the Ca 2+ transient does not change with hypoxia. 9 Although our data can be explained well by changes in [Pi] without invoking pH,, we cannot exclude some effect of pH on the contractile strength of twitches during hypoxia. The action of pH might not require depression of maximal force: Unlike [Pi], pH can drop considerably without depressing maximal tension, while still producing a decrease in myofilament sensitivity ( Figure 1 of Fabiato & Fabiato 24 ). Nevertheless, any effects of pH on twitch strength are likely to be modest. Changes in pH are less consistent and less profound than changes in [Pi] during the early stages of hypoxia or ischemia. 3 In the very early phase of hypoxia, twitch pressure falls by 60% with no net change in pH. 19 On the other hand, intracellular acidosis may be relatively more important at later times during hypoxia.
[Pi] exerts its greatest effects on force in the 1-10 mM range seen during early hypoxia and, thereafter, has much less effect. 2346 On the other hand, pH effects on the myofilaments become even more profound as pH drops below 6.6 (see Reference 24 and Figure 7 ), as occurs during longer lasting hypoxia.
Mechanism of Force Depression by Inorganic Phosphate
The mechanism of the Pi-induced changes in force is not entirely clear. One of the earliest hypotheses proposed that [Pi] might rise to sufficient levels to cause the intracellular precipitation of calcium phosphate. 6 Contemporary measurements of [Ca 2+ ], and [Pi] are inconsistent with this idea: Even if [Pi] were to increase to 48 mM (5 times higher than in the present study), [Ca 2+ ], would have to exceed 88 /xM to precipitate. 6 The highest [Ca 2+ ]j that has ever been measured in intact heart cells, even under extremes of Ca loading, is 10/xM. 2847 Another way in which an increase in [Pi] has been suggested to affect force is by decreasing the cytoplasmic phosphorylation potential, thereby inhibiting the reuptake of Ca 2+ by the sarcoplasmic reticulum (e.g., Gibbs 2 ) . While this effect may occur during severe metabolic inhibition, it is not likely to play a primary role in early contractile failure, when [Ca 2+ ], is not demonstrably altered. 9 A number of lines of experimental evidence now indicate that Pi inhibits force by decreasing the number of crossbridges in the force-generating state. The earliest indication that this'might be true was from the work of Herzig and Ruegg 12 (see also Reiermann et al 4 *). These investigators demonstrated that an increase in inorganic phosphate not only decreased tension, but also muscle stiffness (an indication of the number of attached crossbridges). They also found an associated decrease in actomyosin ATPase activity, suggesting that increased [Pi] might inhibit the fundamental forcegenerating reaction. In a later study, Herzig and coworkers 45 confirmed that tension and stiffness decrease hand-in-hand as [Pi] increases in chemically skinned myocardial strips. The efficiency of tension maintenance (i.e., the ratio of tension to actomyosin ATPase activity) also declined.
The results imply that a decrease in the number of force-generating crossbridges, perhaps due to an inhibitory effect of Pi on the force-generating crossbridge state, could explain the decrease in force. Indeed, recent biochemical and physiological data support this idea. The effects of Pi on actin-activated myosin subfragment 1 point to the existence of a reversible, Pi-sensitive step in the actomyosin reaction scheme, 49 a hypothesis borne out by the observation that relaxation from rigor in single skeletal muscle fibers is accelerated by increased [Pi]. 50 Taken together, the data indicate that Pi inhibits the cycling of actomyosin and that this leads to a decrease in the number of force-generating crossbridges (thereby explaining the decrease in maximal force).
By a still unclarified mechanism, an associated de-crease in the Ca 2+ affinity of troponin has been proposed to account for the decrease in myofilament sensitivity.' 4 * A decrease in the Ca 2+ affinity of troponin is substantiated not only by the shift in the Ca 2+ -tension relation but also by the increased rate of relaxation of skinned cardiac muscle in high [Pi]. 12 ' 45 On this basis, an increase in [Pi] is expected not only to decrease the amplitude of the cardiac twitch but also to increase its time-to-peak and the rate of relaxation. These effects are prominent during hypoxia (Figure 2 ; see also Paradise et al").
